The neuroretina is a functional unit of the central nervous system which arises through successive steps of division, growth arrest and dierentiation of neuroectodermal precursors. Postmitotic quail neuroretina (QNR) cells are conditionally induced to divide upon infection with temperature sensitive mutants of Rous sarcoma virus (RSV), since QNR cell division can be arrested by either inactivating p60v-Src at the nonpermissive temperature (418C) or by serum deprivation at 378C. We are studying the transcriptional control of QR1, a neuroretina speci®c gene, whose expression is downregulated in proliferating cells at 378C and is fully restored when these cells are made quiescent. We previously showed that this quiescence speci®c upregulation implicates a promoter region named A box, which binds Maf transcription factors. We report the identi®-cation of the C box, a second promoter sequence that activates QR1 transcription in non dividing cells. This sequence is able to form two DNA-protein complexes, one of which (C4) is predominantly detected in growth arrested NR cells. We identi®ed the DNA binding site for C4 and described mutations that abolish both C4 binding and promoter activity in quiescent cells. Moreover, we show that a multimerized C box is able to stimulate a heterologous promoter in non dividing cells and constitutes, therefore, a novel quiescence responsive enhancer. Finally, we report that QR1 transcriptional response to cell quiescence requires cooperation between the C box and A box. Oncogene (2000) 19, 4736 ± 4745.
Introduction
Animal cells respond to dierentiation signals by turning on or o appropriate genes, leading to the conversion of proliferating cells into quiescent, highly specialized dierentiated cells. Establishment of dierentiation involves two interrelated cellular processes: the progression of cells through successive steps of dierentiation and inhibition of cell division. Both processes have been extensively but often independently investigated, leading to the conclusion that growth arrest is mainly controlled by members of the cdk inhibitors (CKI) family (Zavitz and Zipursky, 1997; Zhang, 1999) , whereas stepwise dierentiation results from gradual expression of transcription factors and target genes (Freund et al., 1996) . In contrast, the mechanisms linking these two processes remain poorly understood. Therefore, characterization of the signaling pathways turning on such genes is of crucial interest. One interesting approach is to identify the regulatory sequences of dierentiation genes, whose expression takes place when cell division is arrested. A particular group of genes called GAS (for Growth Arrest Speci®c) genes, were functionally de®ned as being induced in growth arrested ®broblasts and arose as models for studying the mechanisms and signaling pathways involved in this process (Barone et al., 1994; Del Sal et al., 1992; Schneider et al., 1988) . The GAS family includes both ubiquitous genes (Coccia et al., 1992) and dierentiation markers (Fabbretti et al., 1995) . Various functions have been attributed to these genes and linked either to growth suppression (Del Sal et al., 1992 , 1994 , apoptosis and, surprisingly, growth promotion (Goruppi et al., 1996; Lih et al., 1996) . Little is known about the regulatory mechanisms controlling their expression. Interestingly, they were shown to undergo negative control by mitogenic or growth promoting genes, like v-src or myc (Bedard et al., 1989; Grossi et al., 1998; Lee et al., 1997) . A signi®cant contribution towards understanding their regulation came from the study of a particular GAS gene, p20K, since its transcriptional activation under growth arrest conditions was shown to involve a de®ned sequence of the promoter, the Quiescence Responsive Unit (QRU) (Mao et al., 1993) . Furthermore, it was reported that this activation is mediated by a member of the c/EBP family (Kim et al., 1999) , a group of bZIP transcription factors repeatedly shown to induce growth arrest (Umek et al., 1991) . Thus, characterization of GAS genes regulatory sequences is likely to be important for our understanding of growth arrest mechanisms, especially in the context of cell dierentiation.
The vertebrate neuroretina (NR) is a useful experimental system to study the regulation of growth arrest and dierentiation, during development. Thus far, gene expression programs (Freund et al., 1996) as well as kinetics of cell type-speci®c growth arrest and dierentiation (Cepko et al., 1996) have been extensively investigated in the developing neuroretina. However, signals linking exit from the cell cycle and expression of dierentiation genes remain essentially unknown. We are using an in vitro experimental system to address this question in the neuroretina. We previously showed that in vitro infection with Rous Sarcoma Virus (RSV) induces sustained proliferation of non dividing NR cells from avian embryos (Pessac and Calothy, 1974) .
Isolation of viral mutants that are temperature sensitive (ts) in their ability to induce NR cell division indicated that p60v-Src is required for their mitogenic eect (Poirier et al., 1982) . However, proliferation of NR cells expressing an active v-Src protein, can be also arrested by serum starvation (Gillet et al., 1993; Pouponnot et al., 1995) . This demonstrates that NR cell division relies both on expression of v-Src oncoprotein and on the presence of serum in the culture medium and, consequently, that it requires complementary signaling pathways triggered by both stimuli. Thus, NR cells infected by ts mutants of RSV constitute a powerful system to investigate mechanisms of growth arrest in the neuroretina. Induction of NR cell proliferation by v-Src could be correlated with the block of dierentiation (Simonneau et al., 1986; Vardimon et al., 1991) . This eect was shown to depend both on activation (Gillet et al., 1993 (Gillet et al., , 1995 and repression (Guermah et al., 1990) of speci®c gene expression programs.
We are studying the transcriptional control of the neuroretina speci®c QR1 gene, as a model for understanding mechanisms of growth arrest. QR1 was ®rst isolated as part of a set of quail neuroretina (QNR) genes downregulated by v-Src (Guermah et al., 1990) . QR1 expression coincides with retinal terminal mitosis and dierentiation during embryogenesis and is detected exclusively in MuÈ ller glial cells (Guermah et al., 1991) . The QR1 gene product is a secreted glycoprotein which is associated with the extracellular matrix and could play a role in the dierentiation of retina photoreceptor cells (Casado et al., 1996; Guermah et al., 1991) . It is strongly related to SPARC, a matricellular protein associated with tissue remodeling (Lane and Sage, 1994) and regulation of cell cycle in various cell types (Bradshaw et al., 1999) . Transcription of the QR1 gene is shut o when postmitotic QNR cells are induced to proliferate by temperature sensitive mutants of RSV (such as ts NY68 (Kawai and Hanafusa, 1971) or tsPA101 (Calothy et al., 1978) ), as a result of v-Src activity at 378C. In contrast, QR1 expression is fully restored when these cells cease to divide upon inactivation of p60v-Src at the nonpermissive temperature (418C) and is detected only in a subset of the postmitotic infected cells, presumably derived from MuÈ ller cells (Casado et al., 1996) . QR1 expression is also induced when dividing QNR cells expressing an active v-Src oncoprotein are arrested at 378C by serum starvation (Pouponnot et al., 1995) . Moreover, we showed that it is eciently downregulated by various mitogenic signaling proteins acting through distinct pathways (Peyssonnaux et al., 2000) . Taken together, these results indicate that the QR1 gene exhibits the features of both a GAS gene and a dierentiation marker. Therefore, investigating its regulation should provide additional insight into the process of growth arrest during dierentiation.
Analysis of QR1 transcriptional control ®rst proved useful with the identi®cation of a cis-acting regulatory region, designated A box, involved in QR1 induction in quiescent QNR cells. Transcriptional stimulation by the A box was shown to involve binding of an activator complex named C1 (Pierani et al., 1993) . We then showed that C1 contains a member of the Maf family (Pouponnot et al., 1995) , a group of transcription factors mainly involved in the control of dierentiation, notably in the postmitotic retina Rehemtulla et al., 1996) . Maf proteins belong to the AP1-bZIP superfamily and are able to undergo various interactions with heterologous proteins, through either their leucine zipper domain or other regions of the protein (Kataoka et al., 1994; Kerppola and Curran, 1994; Kurschner and Morgan, 1997; Sieweke et al., 1996) .
In the present work, we have identi®ed and characterized a second regulatory element in the QR1 promoter, designated C box, located downstream of the A box. We report that a multimerized C box is able to support transcriptional activation in response to growth arrest and is downregulated by v-Src. Therefore, by itself, the C box presents the characteristics of a quiescence responsive element. In addition, our results demonstrate that the A and C regulatory elements act synergistically to induce QR1 expression in non dividing NR cells.
Results

Identification of a novel regulatory sequence involved in QR1 promoter stimulation in quiescent cells
We previously observed that the A box, although it is required for transactivation of QR1 promoter by Maf proteins, does not have the capacity, even when multimerized, to stimulate by itself transcription of a reporter gene. This suggested that the A box needed another regulatory sequence or cofactor to achieve transcriptional stimulation upon growth arrest and prompted us to identify this cooperating element. Therefore, we transfected CAT reporter plasmids carrying various nested fragments of QR1 promoter, into tsv-Src infected QNR cells. Transcriptional activity of each construct was assayed at both 37 and 418C, the temperatures at which QR1 expression in infected cells is repressed and induced respectively (Figure 1 ). RSV/CAT, the transcriptional activity of which should be identical at 37 and 418C, was used as a positive control. As previously reported, the 71265/ +55 construct showed transcriptional activity at 418C, that was approximately fourfold higher than at 378C. Interestingly, we could still observe a substantial increase in CAT activity with the 71173/+55 construct, lacking the A box, but not with the 71119/+55 and the 7345/+55 plasmids, when cells were shifted from 37 to 418C. These results suggested the presence of a regulatory element located between 71119 and 71173, able to trigger transcriptional activation at 418C in the absence of the A box. We named this region C box. We veri®ed that none of the reporter constructs, when transfected into QNR cells infected with wild-type RSV, was able to show dierential transactivation between 37 and 418C, demonstrating that neither the A nor C box were temperature sensitive per se (data not shown). That the empty CAT5 vector showed higher transcriptional activity at 378C, as compared to 418C, was possibly due to activation of cryptic promoters in v-Src expressing cells, an eect which varied according to the experiments. Insertion of QR1 promoter-derived sequences, upstream from the CAT gene in the other plasmids, presumably repressed this background tranOncogene Transcriptional regulation in postmitotic neuroretina cells S Provot et al scription. Taken together, our results showed that the C box promoter region (located between 71119 and 71173) was involved in induction of QR1 expression when tsv-Src QNR cells were shifted to the nonpermissive temperature. Therefore, this region constitutes a novel v-Src responsive unit and de®nes a novel nuclear target for intracellular signals generated by vSrc.
We further characterized this region by DNA binding assays with a panel of double-stranded oligonucleotides covering the 54 bp, using nuclear extracts prepared from tsv-Src QNR cells maintained at either permissive (378C) or nonpermissive (418C) temperature. Interestingly, one such oligonucleotide (spanning the 71157 to 71123 QR1 promoter region: see Figure 2a : WT), showed dierential DNA-protein complex formation between 37 and 418C. This WT probe induced formation of two detectable protein complexes, C3 and C4 (Figure 2b ). The C3 complex was preferentially detected in dividing cells, expressing an active v-src gene product and was decreased when tsv-Src QNR cells were shifted to the nonpermissive temperature. In contrast, the C4 complex, barely detectable at 378C, was increased upon shifting the cells to 418C and inactivating p60v-Src, suggesting that it could be involved in QR1 activation. Analysis of nuclear extracts from QNR cells infected with wild type RSV showed that the respective levels of the C3 and C4 complexes bound to the WT probe were not altered by temperature shifts (data not shown). Moreover, both complexes were speci®c, as demonstrated by competition experiments with speci®c and non-speci®c double-stranded oligonucleotides ( Figure 2b ).
To further determine the sequences required for C3 and C4 binding and to assess the implication of these complexes in QR1 regulation by the C box, we introduced a series of point mutations into the WT oligonucleotide and studied their consequences on complex formation in gel shift analysis. The C7 mutant, in which four nucleotides were mutated (Figure 2a ), showed the most evident loss of C4 complex binding, whereas the C3 complex was only slightly aected ( Figure 2c ). This result, which was con®rmed by competition gel shift assays (data not shown), indicated that the 6 bp region mutated in the C7 probe was required for C4 complex binding. In contrast, binding of C3 could not be prevented unless extensive mutations were introduced into the oligonucleotide, as was the case with Cm (Figure 2a, c) . This suggests that the C3 and C4 complexes contact overlapping but distinct regions of the DNA and, consequently, that C3 and C4 are biochemically distinct.
The C box is a transcriptional enhancer
To further investigate the functional signi®cance of C4 binding in QR1 transcriptional control, we introduced the C7 mutation into the 71265/+55 and 71173/ +55 reporter constructs and analysed their transcriptional activity in tsv-Src QNR cells at 37 and 418C in comparison to that of the parental reporter plasmids (Figure 3 ). The C7 mutation markedly reduced transcriptional activity of the 71265/+55 construct at 418C. Likewise, it totally abolished that of the 71173/+55 construct, suggesting that the C box and especially the binding of C4 complex was responsible for its dierential expression. Thus, the speci®c loss of C4 binding within the C box led to an extensive reduction in transcriptional response to v-Src inactivation, supporting the notion that the C box acted as an enhancer.
This was further veri®ed by testing the transcriptional activity of the C box per se. Therefore, the WT Figure 1 The 71119/71173 region of QR1 promoter (C box) contains a novel regulatory element responding to v-Src inactivation. Reporter plasmids containing dierent deletions of the QR1 5'-¯anking sequences up to +55 with respect to the transcription start site, were transfected into tsPA101 infected QNR cells. CAT5 empty vector (Stein et al., 1989) and RSV/CAT (Gorman et al., 1982) were used as controls. CAT activity was measured at the permissive (378C: v-Src induced proliferation) and nonpermissive (418C: growth arrest) temperature. Transcriptional activity of the reporters is given as relative CAT activity with respect to the 71265/+55 construct at 418C. Thin bars represent the standard error for each construct Transcriptional regulation in postmitotic neuroretina cells S Provot et al C box or the mutant C7 sequences used in gel shift assays were multimerized and three-copy direct repeats were cloned upstream from the heterologous TK promoter and CAT reporter gene. We then tested the recombinant plasmids for CAT activity in tsv-Src QNR cells at 37 and 418C and found that the WT C box speci®cally stimulated transcription from the TK promoter at 418C (3.8-fold) ( Table 1 ). This eect was no longer observed when the C7 mutation was introduced (1.1-fold). In contrast, the WT and C7 containing constructs displayed similar activities at 378C. This con®rmed that the 35 bp C box element constituted an enhancer speci®cally eective in quiescent QNR cells and that its eect was directly correlated with binding of C4 complex, the likely activator of this sequence. Detailed analysis of the 35 bp sequence corresponding to the WT oligonucleotide revealed the presence of putative binding sites for transcription factors such as Ets (Nye et al., 1992) , Stat (Sadowski et al., 1993) , AP1 (Angel et al., 1987) or NF-AT (Rao, 1994) family members. Although the C7 and Cm mutations signi®cantly modi®ed the putative binding sites for these transcription factors, we could not detect the presence of these proteins in the C4 or C3 complexes in competition assays with speci®c oligonucleotides or by using appropriate antibodies.
Activation of QR1 transcription in non dividing cells requires cooperation between A box and C box
To analyse the respective contribution of A and C boxes in QR1 transcriptional response to growth arrest, we compared the eects of the C7 mutation with those of the A7 mutation, previously shown to abolish QR1 transactivation by Maf proteins. We found that each of the A and C box mutations extensively, but similarly, reduced transcriptional activity at 418C in the 71265/+55 context, and that combining both mutations resulted in an even more dramatic eect (Figure 4a ). This indicated that the functional importance of A and C box in QR1 transactivation at 418C was similar. Moreover, comparison of the residual activities displayed by reporter plasmids carrying single or double mutations with that of the wild type reporter, suggested that they cooperated together. This possibility was further con®rmed by using a reporter construct containing the 71265/7935 fragment cloned upstream from a QR1 minimal promoter sequence (mp: 768/+55) and the CAT gene. This construct exhibited dierential activity between 37 and 418C. In this context, the eects of C7 and A7 mutations were identical to those of C7/A7 combined mutation since they abolished transcriptional activity at 418C (Figure 4b ). This indicated that neither regulatory sequence can function alone in this context and, consequently, that A and C box cooperate together. Moreover, these results showed that their individual contribution was strictly equivalent. Similar results were obtained with constructs containing the TK promoter instead of the QR1 minimal promoter (data not shown), indicating that the cooperation between A and C box also functions in the context of a heterologous promoter.
The A+C region is sufficient for QR1 transcriptional induction in response to growth arrest
Since the A and C box were necessary to drive transcription at 418C, we then assessed whether they could be sucient for this purpose. Therefore, we generated a series of constructs containing overlapping deletions within the 71265/7935 region and examined their enhancer activity upon the minimal QR1 promoter ( Figure 4c ). As expected, deletion of either A or C box abolished transcriptional activation at 418c (Figure 4c : plasmid 71265/71159mp and 71159/7935mp). In contrast, elimination of the 5' and 3' ends only, left unchanged the dierential in transcriptional activation between 37 and 418C ( Figure  4c : plasmid 71265/71013mp and 71208/7935mp). Moreover, a promoter fragment extending from 71208 to 71123, encompassing the A box and C box region only (plasmid 71208/71123mp), retained signi®cant ability to enhance transcription at 418C. This indicated that the limited A+C box region represented a functional regulatory element capable to stimulate transcriptional activity in the context of the QR1 promoter. Thus, the A+C box fragment constitutes an autonomous enhancer element which plays a key role in QR1 regulation in response to vSrc inactivation.
The C box responds to growth arrest mediated by serum deprivation
Proliferation of NR cells induced by RSV infection, requires both v-Src expression and serum presence in culture medium, possibly through complementary signaling pathways (Gillet et al., 1993; Pouponnot et al., 1995) . Accordingly, QR1 expression is induced by either p60v-Src inactivation in tsv-Src infected cells at 418C or by serum depletion of dividing NR cultures at 378C (Pouponnot et al., 1995) . To determine whether the C box was also required for QR1 transcription under conditions of serum starvation, we transfected the recombinant plasmids described in Figures 1 and 3 into tsv-Src QNR cells and incubated the cultures under the following conditions: in medium supplemented with 10% fetal bovine serum (FBS) at 37 and 418C or in medium containing 0.1% FBS at 378C. CAT activity was measured 96 h later in cellular extracts ( Figure 5 ). Only the 71173/+55 and the 71265/+55 construct induced substantial CAT activity at 378C in low serum concentration. As previously shown, the A7 mutation signi®cantly reduced the 71265/+55 promoter activity both at 418C and in the 378C-0.1% FBS conditions (Pouponnot et al., 1995) . Likewise, we found that the C7 mutation similarly aected activation of the QR1 promoter and that the combination of A7 and C7 mutations further decreased CAT activity under both culture conditions. This indicated that both regulatory elements were involved in upregulating QR1 expression in cells maintained under low serum concentration at 378C and that they synergized to achieve full transcriptional induction when cell division was arrested.
Taken together, our results demonstrate that the C box constitutes a novel quiescence responsive element and cooperates with its neighboring A box to activate QR1 expression in non dividing NR cells.
Discussion
Emergence of highly specialized dierentiated cells during development results from the regulated combina- Figure 3 Eects of the C7 mutation on QR1 promoter activity. tsPA101 infected QNR cells were transfected with 71173/+55 and 71265/+55 reporter plasmids either wild type or carrying the C7 mutation. CAT activity was measured at the permissive (378C) and nonpermissive (418C) temperature. Transcriptional activity of the reporters is given as relative CAT activity with respect to the 71265/+55 construct at 418C. Thin bars represent the standard error for each construct tion of growth arrest and dierentiation signals. Because of its speci®c regulation in non dividing NR cells, the QR1 gene represents a useful model to study mechanisms that turn on dierentiation genes and to investigate their regulation when proliferating precursor cells exit from the cell cycle. Thus far, there have been only few reports on the characterization of regulatory sequences that control expression of the so-called growth arrest speci®c genes (Coccia et al., 1992; Mao et al., 1993; Del Sal et al., 1994; Mao et al., 1993) . In this study, we have characterized a novel element, the C box, that is able to confer upon homologous and heterologous promoters responsiveness to cell division arrest. We also show that the C box acts synergistically with another regulatory sequence, the A box, previously shown to bind a transcription factor(s) of the Maf family.
The C box is a novel quiescence responsive element
We have shown that a multimerized C box, cloned upstream of a heterologous promoter, can direct transcription in tsv-Src QNR cells induced to quiescence upon inactivation of p60v-Src at the nonpermissive temperature. We described a mutation in the C box (C7) which is able to markedly diminish transcriptional activation under all tested promoter contexts (multimerized C box, complete QR1 promoter, restricted 71265/7935 fragment). Moreover, this mutation suppressed the transcriptional activation of QR1 promoter in tsv-Src QNR cells arrested by serum deprivation, in spite of an active v-Src oncoprotein. Taken together, our results demonstrate that the C box sequence is a transcriptional enhancer responding to cell quiescence. It is likely that these eects are mediated by the C4 complex present in nuclear extracts of tsv-Src QNR cells, since the binding of this complex is increased when the cells are shifted to the nonpermissive temperature. In addition, detection of this complex is completely abolished by the C7 mutation. The C box also binds a second complex, C3, the amount of which is higher in proliferating cells, as compared to non dividing cells. We found that the relative amount of detectable C4 complex in quiescent cells is low in comparison to that of C3. This could be explained by the fact that QR1 is induced at 418C only in a subset of cells derived from MuÈ ller cells (Casado et al., 1996) . We considered the possibility that the C3 complex could display repressor eects on QR1 expression. However, our deletion mapping experiments (Figure 1 ) did not reveal a region of QR1 promoter exhibiting transcriptional repression. Moreover, a 71265/+55 reporter carrying the Cm mutation and which should bind neither complex, showed the same activity at 37 and 418C as the 71265 C7/+55 construct (data not shown), indicating that the promoter displayed identical activity, independently of the binding of C3. Since we could not observe an increase in the 71265 Cm/+55 CAT activity at 378C, this further suggests that C3 does not display an inhibitory eect by itself. Moreover we could not de®ne a mutation that was able to impair C3 binding while maintaining that of C4, indicating that these complexes bind to overlapping sequences and competition gel shift assays furthermore indicated that this binding was mutually exclusive (data not shown). Thus, the C3 complex could play a passive role of steric hindrance towards C4 binding, resulting in the downregulation of QR1 at 378C.
The Maf binding A and C box cooperate to form an autonomous regulatory region responding to growth arrest
In the present study we mapped an essential regulatory sequence required for activation of QR1 transcription in quiescent QNR cells. We established that this element is composed of two sub-domains, both indispensable for QR1 transcription at 418C: the A box, previously shown to be regulated by Maf proteins and the C box. This conclusion was drawn from a series of transient transfection assays using either the complete QR1 regulatory region or the 7935 to 71265 fragment controlling a minimal QR1 or a heterologous promoter, which showed that both A-and C-mutation markedly reduce transcriptional activity. The same experiments consistently led to the conclusion that the A+C region is also sucient to drive QR1 transcription at 418C since the 7935/71265 fragment could be signi®cantly shortened and yet conserve strong transcriptional potential, as long as A and C were together present. Therefore, the A+C region can be considered as a quiescence responsive unit and may serve as a molecular tool to analyse cellular signals related to growth arrest.
Interestingly, the A+C region shows 65% identity with a sequence present in the untranslated ®rst exon of murine and rat sc1 gene (Johnston et al., 1990; McKinnon et al., 1996) (Figure 6 ). Sc1/Hevin, like QR1, belongs to the SPARC family of extracellular matrix associated proteins. While Sc1 was mainly implicated in regulation of cell adhesion, downregulation of its expression like that of QR1 was also associated with oncogenic processes (Bendik et al., 1998; Nelson et al., 1998) . Therefore, downregulation Figure 5 C box is involved in QR1 transcriptional induction in cells growth arrested by serum deprivation. tsNY68 infected QNR cells were transfected with QR1 reporter constructs carrying various deletions in the promoter or mutations aecting the A and C box. Transfected cells were either maintained in medium containing 10% fetal bovine serum (FBS) at 37 or 418C, or in medium containing 0.1% FBS at 378C. CAT activities measured in the three culture conditions were normalized according to b-galactosidase activity of the lysate. Transcriptional activity of the reporters is given as relative CAT activity with respect to the 71265/+55 construct at 418C. Each transfection was repeated at least three times with independent DNA preparations. Thin bars represent the standard error for each construct of growth arrest responding sequences, such as the A+C boxes, may be of general signi®cance during oncogenic transformation.
Investigating the respective roles of the A and C boxes in QR1 transcriptional response to cellular quiescence, we have established that both elements behave in a strikingly symmetrical manner with identical contribution in transient assays and similar gel shift pro®les. Furthermore, A and C were found to cooperate in QR1 transcription, indicating that the C1 and C4 complexes rely on each other to exert their eect. We previously showed that C1, the activator complex which binds to the A box, contains a member of the Maf family. Maf family proteins were repeatedly reported to control expression of dierentiation genes and, more recently, c-Maf was implicated in the coordination between cell cycle withdrawal and dierentiation in the lens (Ring et al., 2000) . Interestingly, synergistic stimulation implicating a Maf protein was reported in the case of a neuroretina speci®c gene. Thus, Nrl was shown to cooperate with the Crx, a homeodomain containing transcription factor, to transactivate reporter constructs of the rhodopsin gene promoter carrying adjacent Nrl and Crx binding sites (Chen et al., 1997) . Cooperation between A and C box could be mediated by a synergistic binding to the DNA, as illustrated with various Maf proteins. Thus, c-Maf binding to the half MARE site present in the IL-4 gene promoter was shown to be induced by interaction of c-Maf with a phosphorylated JunB protein which is itself able to bind to this promoter (Li et al., 1999) . Another possible mechanism for the cooperation between the A and C box could be synergistic transactivation through a more ecient recruitment of transcriptional coactivators (Fry and Farnham, 1999) . We observed that the multimerized Maf binding site (A box) is not able to sustain transcriptional activation at 418C. This could be due to the fact that the stimulatory eect of Maf requires binding of an additional factor present in the C4 complex. Thus, identi®cation of this factor is of particular interest and will be the scope of further study.
In conclusion, we provide here new insight into the transcriptional regulation of a neuroretina quiescence and dierentiation speci®c gene. We identi®ed a quiescence responsive enhancer, the C box, which cooperates with the previously described A box to induce QR1 in growth arrested cells. The A+C region forms an autonomous regulatory sequence which may be generally relevant to the transcription of dierentiation genes in non dividing cells and their downregulation by oncoproteins.
Materials and methods
Cells and viruses
QNR cells were dissected from 7-day-old quail (Coturnix coturnix japonica) embryos as previously described (Pessac et al., 1983) and infected with mutants of RSV conditionally defective for their capacity to induce cell proliferation: tsNY68 (Kawai and Hanafusa, 1971) or tsPA101 (Calothy et al., 1978) . The p60v-Src protein encoded by these mutants is temperature sensitive and displays mitogenic activity in QNR cells at 378C, and its inactivation at 418C results in cell quiescence. QNR cells infected with either virus were designated tsv-Src QNR cells and yielded equivalent results in transcriptional and gel shift assays. Infected QNR cells were maintained and passaged in Eagle basal medium supplemented with 5% fetal bovine serum (FBS).
Plasmid constructions
7345/+55; 71119/+55; 71173/+55; 71265/+55 and 71265A7/+55 reporter constructs have been described (Pierani et al., 1993) . C7 mutation was introduced into 71173/+55; 71265/+55 and 71265A7/+55 plasmids by PCR mediated mutagenesis. The 768/+55 minimal promoter sequence (mp) was obtained by PCR and inserted into the CAT5 vector (Stein et al., 1989) upstream from the CAT gene to give rise to mpCAT5 plasmid. To generate 71265/ 7935mpCAT5 constructs carrying A7 and/or C7 mutations, HindIII/BamHI fragments corresponding to the 71265/7935 region of QR1 promoter were excised from the appropriate 71265/+55 reporters and inserted into the mpCAT5 vector upstream from the minimal promoter. Plasmids 71265/71159mp, 71159/7935mp, 71265/ 71013mp, 71208/7935mp and 71208/71123mp were generated by ampli®cation of indicated promoter fragments and insertion into the mpCAT5 vector. 3XC/TK-CAT and 3XC-/TK-CAT were generated by ligation of WT and C7 35mer oligonucleotides (see Figure 2) respectively, puri®ca-tion of direct trimer repeats, and ligation into the TK10 vector (Thierry et al., 1990) upstream of 7109 TK promoter.
Transient transfections and CAT assays
Two days prior to transfection, tsv-Src QNR cells were plated at a density of 9610 5 per 100 mm dish in BME basal medium containing 10% FBS. Cells were transfected by standard calcium phosphate coprecipitation technique, with 10 mg reporter plasmid, 2 mg of b-actin-lacZ plasmid (Bed- Figure 6 The A+C region of QR1 promoter shows extensive homology to rat sc1 and mouse sc1 sequences. The sequence of QR1 A+C region (accession number for QR1 promoter: X72750) was compared with the sequences of rat (r) sc1 cDNA (accession number U27562) and mouse (m) sc1 exon 1 (accession number U66157). Bases common to all three sequences are indicated by an asterisk. The A and C box in QR1 sequences are highlighted. Numbers indicate positions with respect to the transcription start site (for QR1 and m sc1) or to the 5' end of published cDNA (for r sc1) dington et al., 1989) and 8 mg of carrier DNA, and maintained 5 h at 378C. Two plates were routinely transfected with the same reporter plasmid. CAT5 empty vector (Stein et al., 1989) and RSV/CAT (Gorman et al., 1982) were used as controls. After washing with phosphatebuered saline and addition of fresh medium, plates were incubated 2 h at 378C. For each construct, one plate was subsequently incubated at 378C and the second at 418C. Forty hours later cell lysates were prepared and CAT and bgalactosidase activity measured as previously described (Pierani et al., 1993) . Percentage of chloramphenicol conversion was calculated by scanning the thin layer chromatographic plates with a Phosphorimager instrument (Molecular Dynamics) and Image Quant Software. CAT activity in the lysate was normalized according to bgalactosidase activity. For Figure 5 each construct was transfected into three plates, one of which was incubated at 378C with medium containing 0.1% FBS. In this case, cell extracts of the three plates were prepared 96 h after transfection. Each transfection was repeated at least three times with independent DNA preparations.
Nuclear extract preparation and gel retardation assays
Nuclear extracts were prepared from tsv-Src QNR cells cultured at either 37 or 418C, as previously described (Pouponnot et al., 1995) . For DNA-protein binding reaction, 100 000 c.p.m. (0.7 ng) of kinase-treated 32 Plabeled double-stranded oligonucleotides ( Figure 2a) were mixed on ice with 2 mg of nuclear extract and 1 mg of poly dAdC (Pharmacia) in 20 ml binding buer (KCl 60 mM, HEPES 20 mM, Ficoll 4%, Spermine 0.15 mM, Spermidine 0.5 mM) supplemented with protease and phosphatase inhibitors. The binding reaction was carried out for 20 min at room temperature. Competition experiments included a 200 molar excess of unlabeled double-stranded oligonucleotide in the reaction mixture (NS oligonucleotide: 5'TTTTAAATGTAGTATTCTA3'). DNA-protein complexes were resolved on 5% polyacrylamide gels with 0.256TBE.
